The role of oestradiol in the control of premature luteolysis (previously shown to occur by the normal luteolytic mechanism involving PGF2\g=a\ and oxytocin) was investigated in anoestrous ewes induced to ovulate using GnRH (250 ng every 2 h for 24 h followed by 125 \g=m\g on day 0) without progesterone pretreatment. Seven ewes were administered charcoal stripped bovine follicular fluid (bFF) on days 1\p=n-\5(2 ml by s.c. injection every 8 h) together with oestradiol on days 2\p=n-\4 (4 \g=m\g in 1 ml of corn oil by i.m. injection every 8 h).
The role of oestradiol in the control of premature luteolysis (previously shown to occur by the normal luteolytic mechanism involving PGF2\g=a\ and oxytocin) was investigated in anoestrous ewes induced to ovulate using GnRH (250 ng every 2 h for 24 h followed by 125 \g=m\g on day 0) without progesterone pretreatment. Seven ewes were administered charcoal stripped bovine follicular fluid (bFF) on days 1\p=n-\5(2 ml by s.c. injection every 8 h) together with oestradiol on days 2\p=n-\4 (4 \g=m\g in 1 ml of corn oil by i.m. injection every 8 h).
Ten ewes were treated with bFF and corn oil (as above), and ten ewes received saline and corn oil (control group). All ewes were treated with 1 \g=m\goxytocin (i.v.) on day 4 and plasma was collected for measurement of 13,14-dihydro-15-keto PGF2\g=a\(PGFM). Blood samples were collected for measurement of progesterone and oestradiol (day \m=-\2 to 15). The ewes in the control group that responded to GnRH formed either normal (50% of ewes) or short-lived (50% of ewes) corpora lutea identified by progesterone profiles. The proportion of ewes that displayed premature luteolysis was reduced (P < 0.05) by bFF treatment alone (to 11% of ewes), and increased (P < 0.001) by bFF plus oestradiol treatment (to 100%). bFF treatment suppressed oestradiol concentrations (P < 0.01), whereas bFF plus oestradiol treatment increased oestradiol concentrations (P < 0.001) on days 1\p=n-\5.The high oestradiol concentrations appeared to stimulate the premature luteolytic mechanism as the mean PGFM response to oxytocin was higher in the ewes treated with bFF plus oestradiol than in the other two groups (P < 0.001). In addition, the control ewes that formed short-lived corpora lutea had higher oestradiol concentrations (days 1\p=n-\5) than did ewes with normal corpora lutea (P = 0.05). This study suggests that short-lifespan corpora lutea are the result of increased oestrogenic stimulation of the luteolytic mechanism during the early luteal phase (following a lack of prior exposure to progesterone) which can be overcome by suppressing oestradiol secretion. This finding demonstrates that oestradiol plays a key role in the initiation of premature luteolysis, probably through stimulation of the prostaglandin response to oxytocin. Introduction Seasonally anoestrous ewes can be induced to ovulate with multiple injections of low doses of GnRH. However, a large proportion of ewes develop short lifespan corpora lutea, which produce only a transient rise in progesterone concen¬ trations, before regressing prematurely on day 4 (Southee et al, 1988a) . The induction of these short lifespan corpora lutea provides a suitable model for the study of the causes of premature luteolysis that often occurs after the first ovulation following a period of ovarian quiescence (for example at puberty, or the transition from seasonal or lactational anoestrus) (Yuthasastrakosol et al, 1975; Lamming el al, 1981; Braden et al, 1989) .
The premature luteal regression is thought to result from the early activation of the normal luteolytic mechanism (involving the coincident secretion of oxytocin from the corpora lutea and PGF2a from the uterus) as a result of high concentrations of functional uterine oxytocin receptors during the early luteal phase (Hunter et al, 1989; Garverick et al, 1992) . Ewes that exhibit abnormal luteal function have higher concentrations of uterine oxytocin receptors on day 5 than do ewes displaying normal luteal function (Hunter et al, 1989) . The high concen¬ trations on day 5 appear to result from a slower decline in receptor concentration during the early luteal phase in ewes not pretreated with progesterone (Hunter, 1991) . Similar work in cattle has demonstrated that cows that were not pretreated with progesterone exhibited an amplified response to oxytocin at about the time of premature luteolysis (Zollers et al, 1989) .
The high concentration of functional uterine oxytocin recep¬ tors has been identified as having a key role in abnormal luteal function (Hunter et al, 1989) ; however, the factors promoting the increased response to oxytocin remain to be fully deter¬ mined. Progesterone and oestradiol control the functional oxytocin receptors during a normal cycle, and it appears that the normal response of the endometrium to ovarian steroid hormones requires prior exposure to progesterone (Vallet et al, 1990) .
The secondary FSH rise, which occurs approximately 24 h after the LH surge in ewes, is thought to induce an increase in oestradiol secretion, associated with the first wave of follicular development (Baird et al, 1991) . Vallet et al. (1990) suggested that the increased oestradiol concentration at that time may initiate premature luteolysis in some ewes. Turzillo and Fortune (1990) demonstrated that treatment of heifers with bovine follicular fluid (bFF) following oestrus suppressed the secondary FSH surge, delayed the appearance of the first wave of follicular development and decreased oestradiol concentrations.
Thus, bovine follicular fluid was used in the present study to modify the pattern of follicular development and suppress oestradiol concentrations in a similar manner to that achieved by Turzillo and Fortune (1990) . Zollers et al. (1991) presented data which indicated that a low concentration of uterine progesterone receptors may be associated with abnormal luteal function in post partum cattle.
Since progesterone is thought to downregulate oestradiol receptors (Leavitt et al, 1985) , we suggest that this may lead to an increased uterine oestradiol receptor concentration, which could augment the oestrogenic stimulation of oxytocin recep¬ tors and cause premature luteolysis. The oestradiol concen¬ tration during the early luteal phase would therefore be expected to have a critical influence on luteal function. The aim of the present study was to investigate and manipulate the circulating oestradiol concentration during the early luteal phase in GnRH-treated anoestrous ewes, and to determine the effect of oestradiol concentration on luteal function and the PGFM response to an oxytocin challenge.
Materials and Methods

Animals
Mature Romney Marsh ewes (n = 27) were housed on straw in a well ventilated building under natural conditions of daylength and temperature (June/July). Ewes were fed concen¬ trates and hay throughout the treatment period with water always available. Examination of the ovaries by laparoscopy under local anaesthesia induced using Lignocaine (CVet, Bury St Edmunds) was used to confirm the anoestrous state before treatment.
Treatments
Ewes (n = 27) were weighed (68.9 ± 1.2 kg) and allocated to three treatment groups. All ewes were treated using a modifi¬ cation of the small dose multiple injection treatment regimen, without progesterone pretreatment, developed by McLeod and Haresign (1984) and Hunter et al (1986) . Ewes were given 250 ng GnRH i.v. (Lutai: Fabwerke Hoechst AG, Frankfurt, Germany) in 2 ml sterile saline at intervals of 2 h for 24 h followed by a bolus injection of 125 µg GnRH i.v. in an established regimen known to synchronize the time of the LH surge (Hunter et al, 1988a) . Time zero was designated as the time of the bolus GnRH injection. Two groups (bFF treated, bFF, = 10; bFF and oestradiol treated, bFF/E, = 7) received s.c. injections of bFF (2 ml; see below for preparation) at intervals of 8 h for 5 days, commencing 8 h after the bolus injection of GnRH. A control group (C, = 10) received saline injections at equivalent times. The bFF/oestradiol group, designed as 'positive control group', also received i.m. injec¬ tions of oestradiol (1 ml of 4 µg ml~ in 90% corn oil) at intervals of 8 h for 2 days commencing 48 h after the bolus injection of GnRH. The two other groups (bFF and C) received com oil injections at equivalent times. All ewes received an oxytocin injection (1 ml of 1 µg oxytocin ml-* i.v.) on day 4.
bFF preparation
Follicular fluid was obtained by aspiration of follicles from bovine ovaries within 4 h of collection from a local abattoir.
The fluid from each batch of ovaries was pooled and frozen until preparation by a method similar to that used by Wallace and McNeilly (1985) . The pooled follicular fluid was thawed and extracted with charcoal (5 mg ml~b FF) by stirring for 1 h at 20°C, to remove the steroid hormones present. The suspension was centrifuged at 1000 g for 30 min at 4°C and the supernatant was removed and filtered to remove any remaining charcoal particles and then frozen in 20 ml aliquots until administered to the ewes.
Collection of blood samples
The jugular vein of each ewe was cannulated 1 day before the start of the low-dose injections of GnRH. Blood samples (6 ml) were taken twice a day or once a day from day -2 until day 9, and on alternate days until day 15, for assay of progesterone and oestradiol. Blood samples (8 ml) were col¬ lected for assay of PGFM at intervals of 20 min in the hour before oxytocin injection (pretreatment period), and at intervals of 10 min in the following hour (post-treatment period). Blood samples were prevented from clotting by the addition of heparin (100 iu ml~T ) and centrifuged immediately at 1500 g for the recovery of plasma. Plasma was harvested and stored at -20°C until assayed.
Radioimmunoassays
Plasma concentrations of progesterone were measured in 0.25 ml aliquots using the radioimmunoassay method of Haresign et al (1975) as modified by Hunter et al (1986) . The mean extraction efficiency was 84%, the limit of sensitivity 0.13 ng ml~and the intra-assay coefficient of variation was 18.4%. The interassay coefficients of variation for two reference samples with concentrations of 0.70 and 2.19 ng ml-1 were 12.9 and 16.7%, respectively (n = 10 assays).
Plasma concentrations of oestradiol were determined by double-antibody radioimmunoassay using a diagnostic kit (E2 MAIA: Serono Diagnostics, Woking) with the adaptations described by Beard et al (1994) . The mean extraction efficiency was 76%, the limit of sensitivity was 0.32 pg ml~and the intra-assay coefficient of variation was 11.7%. The interassay coefficients of variation for four reference samples with con¬ centrations of 2.9, 4.8, 7.3 and 12.0 pg ml"1 were 17.3, 5.2, 13.3 and 7.4%, respectively (n = 5 assays). The assay blank was consistently below the limit of sensitivity of the assay.
Plasma concentrations of PGFM were measured in 0.5 ml aliquots using the radioimmunoassay method of Kaker et al (1984) . The mean extraction efficiency was 87%, the limit of sensitivity was 37 pg ml-1 and the intra-assay coefficient of variation was 12%. The interassay coefficients of variation for two reference samples with concentrations of 105 and 208 pg ml~1 were 15.0 and 5.4%, respectively (n = 6 assays).
Statistical analysis
Ewes were classified as displaying either normal or abnormal luteal function using progesterone profiles. Abnormal luteal function was defined as a transient rise in progesterone above baseline values to > 0.3 ng ml~I by day 3 followed by a decline to basal values by day 5, a similar criterion to that described by Southee et al (1988a) . Normal luteal function resulted in an increase in progesterone concentrations from day 2 to reach a concentration > 1 ng ml~* by day 6 remaining high for several days.
The effects of treatment on the frequency of normal/ abnormal luteal function were tested by 2 analysis. The effects of treatment on the progesterone profiles (area under the curve) were examined by Student's t tests.
The oestradiol and PGFM data were examined by ANOVA and in each set the residuals were normally distributed and the magnitude of the residuals remained approximately constant over the range of values recorded. The effect of treatment on the mean concentrations of oestradiol for each animal during the period of bFF/saline treatment was determined by ANOVA. Differences in group means were evaluated by orthogonal contrasts (Lowry, 1992) .
Effects of treatment on the post-treatment PGFM concen¬ trations were determined by split-plot ANOVA with individual sheep used as plots, and samples as subplots. Differences in group means were evaluated by orthogonal contrasts. (The treatment groups were divided into two subgroups of ewes displaying abnormal and normal luteal function for the analysis of both oestradiol and PGFM data.) A PGFM response was defined as an increase in the PGFM concentration in two consecutive samples during the post-treatment period above the mean + 2 SD value of the pretreatment period.
Results
Ovarian activity A total of six ewes (two in C; one in bFF; three in bFF/E) did not display a measurable increase in progesterone concen¬ trations, and therefore were assumed to have failed to ovulate in response to the GnRH treatment. One ewe in the bFF/E group had high progesterone concentrations before the start of the GnRH treatment. All these ewes were excluded from further analysis. The ewes in the control group formed corpora lutea that were either normal (50% of ewes, = 4) or short-lived (50%, = 4).
The majority of ewes treated with bFF alone displayed normal luteal function (89%, = 8), with only one ewe in this group undergoing premature luteolysis (11%). The bFF admin¬ istration therefore reduced (P < 0.05) the proportion of ewes with short lifespan corpora lutea.
The three ewes that ovulated in the bFF/oestradiol group all exhibited abnormal luteal function. bFF and oestradiol treat¬ ment therefore increased (P<0.01) the proportion of ewes with short lifespan corpora lutea (Table 1) .
Progesterone
The progesterone profiles of the ewes displaying normal luteal function in the C and bFF groups were not different (P>0.05) (Fig. la, b ). The progesterone profiles of the ewes displaying abnormal luteal function in the C and bFF/E groups were not different (P > 0.05) (see Fig. la, b) , and were also similar to those reported by Southee et al (1988a, b) .
Oestradiol
The mean oestradiol profiles of ewes in the C group at the time of the GnRH bolus were increased to concentrations of approximately 4 pg ml~, and also exhibited a small rise (to about 2 pg ml~J ) on days 2-5, corresponding to the first follicular wave. In the C group, the oestradiol concentrations during the bFF/saline treatment (days 1-5) were higher in ewes displaying abnormal luteal function than in ewes displaying normal luteal function (P= 0.05) (Fig. 2a ).
In the bFF group, the bFF treatment suppressed the mean oestradiol concentrations (to about 1 pg ml~* ) below those seen in ewes in the control group (P < 0.01) (Fig. 2b ). The oestradiol concentration increased before day 5 in the bFFtreated ewe which underwent premature luteolysis ( the bFF/E group (Fig. 2b ). Oestradiol concentrations then declined to values similar to those in the bFF group, before increasing approximately 36 h after the final bFF injection. The mean concentrations during the period of bFF administration were higher than in the C and bFF groups (P< 0.001).
PGFM
There was an effect of treatment with oxytocin on the mean PGFM concentrations (P < 0.001) (Fig. 3) . A PGFM response was obtained in two ewes in the C group, both of which formed short lifespan corpora lutea. However, the mean PGFM response was not different between normal and abnormal ewes (P < 0.05; Fig. 3a, b ).
One ewe in the bFF group showed a defined response to oxytocin, and this ewe had a normal corpus luteum. The overall PGFM response in the control group was not different from that in the bFF group (P > 0.05). AU ewes in the bFF/E group exhibited a large response to the oxytocin challenge. PGFM concentrations rose rapidly to values greater than 200% of baseline concentrations immedi¬ ately after oxytocin administration. The mean PGFM response for the bFF/oestradiol group was higher than the mean response in the C and bFF treated groups (P < 0.001) (Fig. 3 ).
Discussion
This study has confirmed that abnormal luteal function, which occurs following GnRH treatment in anoestrous ewes, is characterized by a short lifespan corpus luteum, producing only a transient rise in plasma progesterone concentrations (Southee et al, 1988a) . After GnRH treatment, 22% of ewes did not form functional corpora lutea of any description; this was similar to the percentage reported by Southee et al (1988a, b) . In the present study only three of seven ewes (43%) in the bFF/E positive control group responded to the GnRH treatment; however, two of the ewes that failed to respond in this group had mastitis and were in poor condition before treatment, and this may have disrupted ovulation. An increase in oestradiol concentrations at the time of the bolus injection of GnRH was still apparent in most of the ewes that did not form functional corpora lutea. The ewes that responded to GnRH treatment could be classified as forming normal or short lifespan corpora lutea on the basis of their progesterone profiles. Both normal and abnormal profiles were similar to those reported by Hunter et al (1988a) and Southee et al (1988a).
Oestradiol concentrations were suppressed during bFF treat¬ ment, presumably owing to biologically active inhibin in the fluid, which acts at the level of the pituitary to control FSH secretion (Baird et al, 1991; Larson et al, 1991) . It is probable that bFF suppressed the secondary FSH rise, prevented the first wave of follicular development, and hence reduced oestradiol concentrations to below normal luteal phase values. This would be in agreement with a report that bFF suppressed FSH concentrations, delayed the first wave of follicles and decreased oestradiol secretion in cattle (Turzillo and Fortune, 1990 ).
Although it is suggested that the ability of bFF treatment to prevent premature luteolysis is due to a decrease in the oestrogenic stimulation of the luteolytic mechanism (see above), other effects of bFF on luteal function should also be considered. bFF administration has been shown to increase LH concentrations (Hunter et al, 1988b) and the frequency of LH pulses (McLeod and McNeilly, 1991) 
in anoestrous Romney
Marsh ewes, and in cyclic ewes (Wallace and McNeilly, 1985, 1986 ). However, bFF was reported to have no effect on the luteal phase progesterone concentrations in ewes (Wallace and McNeilly, 1986; Larson el al, 1991) , and furthermore, proges¬ terone concentrations in ewes displaying normal luteal function in the present study were similar in bFF-treated and salinetreated groups.
Administration of exogenous oestradiol increased plasma oestradiol concentrations above the concentrations measured in control ewes, effectively producing three oestradiol concen¬ trations of approximately 3, 2, and 1 pg ml~' in the bFF/E, C and bFF groups, respectively, during the early luteal phase. Furthermore, there appeared to be an association between the concentration of oestradiol and the proportion of ewes display¬ ing abnormal luteal function: high oestradiol concentrations corresponding to an increased occurrence of premature luteoly¬ sis. Indeed, administration of oestradiol to increase oestradiol concentrations to above control values effectively reversed the effects of bFF leading to premature luteolysis in all ewes. This finding confirms that bFF prevented premature luteolysis by suppressing the luteolytic influence of oestradiol, rather than through a direct action on the corpus luteum.
An association between high oestradiol concentrations and premature luteolyis is also apparent in superovulated ewes and goats that exhibit abnormal luteal function (Ryan el al, 1987;  Battye el al, 1988). In the present study, oestradiol concentra¬ tions in the control group ewes with short life cycle corpora lutea were higher than those of ewes forming normal corpora lutea, and this provides further circumstantial evidence that an increased oestrogenic stimulation of the luteolytic mechanism may be involved in the initiation of premature luteolysis. It can also be hypothesized that an increase in oestradiol receptors in ewes not pretreated with progesterone may increase the effectiveness of any oestradiol available.
The results of the oxytocin challenge provide evidence that oestradiol may act primarily on the uterus to stimulate the concentration of functional oxytocin receptors. Only 11% of ewes treated with bFF alone exhibited a defined PGFM response to oxytocin administration, whereas, when oestradiol was coupled to bFF treatment, 100% of ewes responded to oxytocin, and there was also a significant difference in the mean concentrations of PGFM following oxytocin administra¬ tion between ewes treated with or without oestradiol. It can therefore be hypothesized that the increased incidence of abnormal luteal function in ewes with high oestradiol concen¬ trations is due to an increased concentration of functional oxytocin receptors, although, as only a small number of ewes were treated with exogenous oestradiol, no firm conclusions can be drawn. Oestradiol may also stimulate the activity of enzymes involved in the synthesis of PGF2a for example PGH synthase (Raw et al, 1988) or phospholipase C (Raw and Silvia, 1991).
The PGFM concentrations following oxytocin administra¬ tion were not different in ewes in the control group displaying normal and abnormal luteal function, despite a divergence in the oestradiol concentrations between these ewes. There are problems with the use of an oxytocin challenge in intact ewes. Although oxytocin receptors may be present, exogenous oxytocin may fail to elicit a PGFM response, because the uterus may be refractory to oxytocin owing to a recent endogenous pulse of oxytocin and PGF2a. The uterus remains refractory to further stimulation by oxytocin for a period of approximately 6 h following an endogenous pulse (Sheldrick and Flint, 1986) , and therefore if endogenous pulses of oxytocin are occurring frequently, the opportunity for challenging the uterus in a responsive state may be severely reduced. Nevertheless, 50% of ewes with short life cycle corpora lutea exhibited a defined PGFM response to oxytocin, whereas no ewes displaying normal luteal phases responded to oxytocin. McCracken (1980) suggested that oestradiol stimulates oxy¬ tocin receptor development and is therefore involved in the initiation of luteolysis at the end of a normal luteal phase. Beard et al (1991; 1994) and Beard and Lamming (1992) extended this hypothesis by indicating a positive quantitative effect of oestradiol on the level and timing of the PGFM response to oxytocin and oxytocin receptor development. The results of this study expand the hypothesis proposed by McCracken (1980) by demonstrating, for the first time, a stimulative role for oestradiol in the initiation of premature luteolysis in GnRH-treated anoestrous ewes by promoting the development of oxytocin receptors during the early luteal phase. A general concept that is apparent when comparing these studies is that an increase in the oestrogenic stimulation of the PGFM response is important in the induction of both premature and normal luteolysis. It is proposed that the inability of progest¬ erone to control the oestrogenic stimulation may account for the activation of the luteolytic mechanism during premature luteal regression. When progesterone pretreatment is omitted, this effectively disrupts the inhibitory influence of progesterone during the early luteal phase by decreasing progesterone receptor concentration (Zollers et al, 1991) so that the decline in oxytocin receptors after oestrus is attenuated under the positive influence of oestradiol.
In summary, the bFF treatment successfully reduced oestra¬ diol concentrations during the early luteal phase, and decreased the percentage of ewes exhibiting premature luteolysis.
Administration of exogenous oestradiol concurrent with bFF treatment increased oestradiol concentrations, and this was associated with the induction of premature luteolysis in all ewes. The increase in oestradiol was also coupled to an increased PGFM response to oxytocin administered. This study has demonstrated that oestradiol plays a key regulatory role in the control of functional oxytocin receptors and the occurrence of premature luteolysis in GnRH-treated anoestrous ewes.
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